AA enriched with carnitine were still lower compared with controls (p ! 0.05). Conclusions: Actual dietary regimens can not completely normalize the carnitine status; therefore, carnitine levels should be given careful consideration in subjects with PKU.
Introduction
Carnitine is an obligatory factor for fatty acid degradation, as it facilitates the transport of long-chain fatty acids across the inner mitochondrial membrane for beta oxidation. In addition to free carnitine (C0), short-, mediumand long-chain acylcarnitines are determined in, for example, dried blood spots. A decrease in carnitine concentrations and changes in the acylcarnitine profile may be found in various inborn errors of metabolism, such as fatty acid oxidation defects, and in various diseases affecting the liver or kidney function. Moreover, special diets, particularly vegan diets, may contribute to nutritional carnitine deficiency.
Phenylketonuria (PKU) is an inherited metabolic disorder that results in high plasma phenylalanine (Phe) concentrations and has been treated for more than 50 years by low Phe diet in order to prevent neurological
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Acylcarnitines ؒ Carnitine ؒ Diet ؒ Phenylketonuria Abstract Background: In patients with phenylketonuria (PKU), the carnitine status may be impaired for metabolic or dietary reasons, including low carnitine intake, a deficient synthesis and acylcarnitine production from phenylalanine (Phe) metabolites. Methods: Free carnitine and acylcarnitine status was assessed in 30 PKU patients, aged 0.5-36 years, mean age 13.8 years. Our cohort was divided into 2 groups according to the preparations of Phe-free amino acids (AA) prescribed, with or without carnitine supplementation. Daily Phe intake, dosage of AA mixtures and body weight were recorded along with measurements of acylcarnitines in blood spots (by tandem mass spectrometry) and serum AA. Control data were obtained from 50 healthy volunteers (aged 0.2-39 years, mean age 14.2. years). Statistical analysis comprised the t test, ANOVA and Pearson's correlation. Results: PKU patients had lower free carnitine (C0) concentrations than controls (25.82 8 7.38 vs. 31.28 8 6.17 mol/l; p ! 0.001) and lower octanoyl-and decanoylcarnitine. Mean C0 and acylcarnitine concentrations did not differ between PKU patients taking the various protein substitutes with or without carnitine; mean C0 levels in PKU patients receiving damage. In patients with PKU, the carnitine status may be impaired for metabolic or dietary reasons such as low carnitine intake, deficient carnitine synthesis and acylcarnitine production such as phenacetyl-carnitine [1] . It has been reported that patients with PKU on a Phe-restricted diet without carnitine supplementation have lower serum concentrations of free, esterified and total carnitine, but the clinical symptoms of carnitine deficiency, such as muscle weakness or cardiomyopathy, were not observed in these patients [2] [3] [4] . Patients with high plasma Phe concentrations and, subsequently, accumulation of its pathological metabolites may be particularly at risk, because phenylacetic acid is capable of inhibiting the endogenous carnitine synthesis [1] . Moreover, it has been suggested that an altered metabolism of long-chain polyunsaturated fatty acids, such as arachidonic and docosahexaenoic acids, contributes to the neurological deterioration in subjects with untreated PKU [5] . It is of interest that these fatty acids are handled by carnitine-dependent desaturases, and their cofactor ␣ -tocopherolquinone can be inhibited by phenylpyruvic and phenyllactic acid [5] .
We focused on the adequacy of the PKU diet for maintaining a normal carnitine status in patients taking Phefree amino acid (AA) supplements with or without carnitine supplementation.
Methods
Thirty early-treated children, adolescents and young adults with classical PKU, aged 0.5-36 years (mean age 13.8 years, 53% females), were recruited from the Children's and Adolescents' Hospital, University of Erlangen-Nuremberg. The study protocol had been approved by the local ethics committee, and informed consent was obtained. Subjects reported after overnight fast and younger children 3-4 h after their last meal. Our cohort was divided into 2 subgroups of comparable age according to the Phefree AA mixture prescribed. Group A (n = 17) received AA preparations (SHS p-am 2 and SHS p-am 3 ), which did not contain carnitine, whereas group B (n = 13) was treated with comparable Phe-free protein substitutes supplemented with carnitine (up to 68 mg/100 g powder; table 1 ). In the latter, additional carnitine intake was up to 5 mol/kg body weight per day, comparable with a normal dietary intake by mixed Western diets [6] . The diet was adjusted for age, body weight and metabolic state, including serum Phe, tyrosine and other AA. During visits at our outpatient clinic, daily Phe intake and the dosage of Phe-free substitutes were documented, as reported by the parents or adult patients. Body weight was measured with calibrated devices. Acylcarnitines were analyzed in dried blood spots by tandem mass spectrometry [7] ; AA analysis was carried out as reported previously [8] . Briefly, samples were deproteinized with a 10% sulfosalicylic acid solution. Thereafter, AA were determined with an AA analyzer (Biotronic LC 3000, Eppendorf, Maintal, Germany) with postcolumn derivatization with ninhydrine.
Age-matched control data obtained from 50 healthy volunteers (aged 0.2-39 years, mean age 14.2. years, 48% females) were used for comparison. No patient or volunteer received additional carnitine supplements. The products also contain trace elements, minerals and vitamins (not shown).
Data were analyzed using Graph Pad Prism software 4.0 (San Diego, Calif., USA) and SPSS 14.0 (Chicago, Ill., USA). Groups were compared using the t test, analysis of variance (ANOVA) and Pearson's correlation, if applicable; differences were considered significant at p ! 0.05.
Results
Patients with PKU had significantly lower C0 concentrations and a larger range of C0 levels compared with controls (mean C0 25.82 8 7.38 vs. 31.28 8 6.17 mol/l, p ! 0.001, range 12.37-40.09 vs. 20.74-45.08 mol/l; table 2 ). Concentrations of octanoyl-and decanoylcarnitine were lower in the entire PKU cohort compared with controls ( table 2 ), but no significant differences were found for acetylcarnitine, hexanoyl-, myristoyl-, palmitoyl-, stearoyl-, and linoleoylcarnitine concentrations. Serum tyrosine and methionine concentrations were lower in PKU patients compared with controls ( table 2 ). In the entire PKU cohort, mean serum Phe was 432 8 328 mol/l (range 12-1,180), mean reported daily Phe intake was 397 8 156 mg (range 170-800 mg), and mean total protein intake was 1.3 8 0.3 g/kg body weight per day. For patients with PKU on a low Phe diet, there was a significant correlation between lysine und methionine serum concentrations (r = 0.4501, p ! 0.05). Mean Phe and tyrosine serum concentrations did not significantly differ between the 2 PKU subgroups, nor did the lysine and methionine concentrations ( table 3 ) .
It is of interest that mean C0 and acylcarnitine concentrations did not differ between PKU patients taking the various Phe-free protein substitutes with or without Data are given as the mean 8 SD; concentrations are given in mol/l. n.s. = Not significant. Subjects are divided into 2 groups: group A received dietary AA preparations without carnitine, and group B received various dietary products with a low-dose carnitine content (up to 68 mg/100 g powder). Data are given as the mean 8 SD; concentrations are given in mol/l. Comparison between the PKU groups is shown, unless otherwise stated. a PKU subgroup B significantly different from the control group (p < 0.05). b PKU subgroup B significantly different from the control group (p < 0.01).
carnitine ( table 3 ) . Mean C0 concentrations in PKU patients receiving AA enriched with carnitine were still lower compared with controls (C0 27.10 8 6.12 vs. 31.28 8 6.17 mol/l; p ! 0.05). Octanoylcarnitine was also significantly reduced in group B compared with controls (0.06 8 0.02 vs. 0.10 8 0.05; p ! 0.01), as was decanoylcarnitine (0.08 8 0.04 vs. 0.17 8 0.11; p ! 0.05).
Discussion
Generally, the PKU diet is characterized by a restricted diversity of foodstuffs. Although in the lower normal range, C0 concentrations in the blood of patients with PKU on a diet were significantly lower compared with controls. This indicates that actual dietary regimens cannot completely normalize carnitine status in subjects with PKU. There are several possible explanations for this finding. It has been described earlier that protein content may exert considerable effects on carnitine glomerular filtration, excretion and reabsorption. The rate of carnitine reabsorption, for example, was lower after ingestion of a low-protein load than after a high-protein load [9] . However, the rate of carnitine excretion was also lower after ingestion of a low-protein diet due to a lower glomerular filtration rate, compared with a high-protein intake [9, 10] . It is also possible that the activity of the main carnitine transporter, OCTN2, may differ between patients, which results in different carnitine levels.
In addition to dietary effects regarding the macronutrient content, another explanation may be the bioavailability of carnitine in the AA preparations and possible degradation of carnitine in the gastrointestinal tract [11] . Moreover, we found that serum methionine concentrations were slightly lower in PKU patients compared with controls, which is indicative of the ongoing need to improve AA substitution in Phe-restrictive diets. Basically, carnitine homeostasis is maintained by intestinal absorption, endogenous synthesis and renal reabsorption. Circulating carnitine is distributed to muscle, the liver, the kidneys and other organs. Skeletal muscle, in particular, is, kinetically, a large and slow-turnover compartment [11] . Considering the necessity of lysine and methionine for the hepatic carnitine biosynthesis, it is extremely important to guarantee adequate AA supplementation in subjects with PKU on Phe-restrictive diets, not only because of protein anabolism. The availability of the intermediate trimethyllysine stored in skeletal muscle and its transport across the mitochondrial inner membrane is a rate-limiting step in carnitine biosynthesis [12] ; therefore, protein anabolism, which in general is essential for maintaining metabolic compensation in aminoacidopathies such as PKU, is a key mechanism for optimal carnitine biosynthesis. Besides lysine and methionine, iron and vitamin B 6 are required in endogenous carnitine synthesis [13] . Therefore, we cannot rule out the possibility that low intakes of iron and vitamin B 6 could contribute to a reduced biosynthesis and compromised carnitine status in subjects with PKU.
Due to methodological reasons, data on tissue carnitine concentrations are lacking in subjects with PKU, but careful consideration should be given to blood carnitine levels in order to optimize carnitine status and prevent carnitine deficiency in patients at risk. A preventative supplementation with carnitine may have therapeutic value for PKU patients who have a low carnitine status but higher demands, e.g. women with PKU during pregnancy. In conclusion, further optimization of the PKU diet regarding carnitine intake should be considered.
